We have characterized the heterogeneity occurring at the junction of the long (L) and short (S) segments and at the termini of the strain AD169 human cytomegalovirus (HCMV) genome by restriction endonuclease mapping and nucleotide sequence analyses. The HCMV a sequence was identified by its position at both termini and inverted orientation at the L-S junction. Heterogeneity at both termini and the L-S junction was generated by the presence of fused and tandem a sequences. Some S termini lacked an a sequence. In addition, near the L terminus and at the L-S junction there were a variable number of 217-base-pair (bp) XhoI fragments arranged in tandem. The 217-bp fragments consisted of a portion of the a and adjacent b sequences (in the L-segment repeat) bounded by the same direct repeats (DR1) found at the boundaries of the a sequence. A model for the generation of these heterogeneous fragments is presented. We also determined the sequence of seven cloned terminal fragments, five from the L terminus and two from the S terminus. All L termini contained identical terminal sequences ending with base 32 of a 33-bp DRI. The S termini differed from each other and from the L-segment termini. One S terminus lacked an a sequence and terminated within S-segment repeat (c) sequences. The second S terminus contained an a sequence and terminated with bases 20 to 33 of a 33-bp DR1. A comparison of the cloned L and S terminal sequences with cloned L-S junction sequences suggested that the termini contained 3' single base extensions which were removed during the cloning. We also show that the herpesvirus conserved sequence is in a similar position relative to the termini of HCMV and several other herpesviruses, thus adding further support for the role of the sequence in the maturation of viral DNA.
We have characterized the heterogeneity occurring at the junction of the long (L) and short (S) segments and at the termini of the strain AD169 human cytomegalovirus (HCMV) genome by restriction endonuclease mapping and nucleotide sequence analyses. The HCMV a sequence was identified by its position at both termini and inverted orientation at the L-S junction. Heterogeneity at both termini and the L-S junction was generated by the presence of fused and tandem a sequences. Some S termini lacked an a sequence. In addition, near the L terminus and at the L-S junction there were a variable number of 217-base-pair (bp) XhoI fragments arranged in tandem. The 217-bp fragments consisted of a portion of the a and adjacent b sequences (in the L-segment repeat) bounded by the same direct repeats (DR1) found at the boundaries of the a sequence. A model for the generation of these heterogeneous fragments is presented. We also determined the sequence of seven cloned terminal fragments, five from the L terminus and two from the S terminus. All L termini contained identical terminal sequences ending with base 32 of a 33-bp DRI. The S termini differed from each other and from the L-segment termini. One S terminus lacked an a sequence and terminated within S-segment repeat (c) sequences. The second S terminus contained an a sequence and terminated with bases 20 to 33 of a 33-bp DR1. A comparison of the cloned L and S terminal sequences with cloned L-S junction sequences suggested that the termini contained 3' single base extensions which were removed during the cloning. We also show that the herpesvirus conserved sequence is in a similar position relative to the termini of HCMV and several other herpesviruses, thus adding further support for the role of the sequence in the maturation of viral DNA.
Human cytomegalovirus (HCMV), a member of the herpesvirus group, has a double-stranded DNA genome 240 kilobase pairs (kbp) in length (7, 9, 13, 14, 28, 29) . The genome consists of two covalently-linked segments, L (long) and S (short), each bounded by inverted repeats (8, 10, 13, 24, 28, 37) . The region where the L and S segments meet is termed the L-S junction, and inversion of the L and S segments leads to the production of four genome isomers (7, 8, 10, 11, 13, 24, 28) . Heterogeneity is observed at the L-S junction and both termini of the AD169, Towne, and Davis strains of HCMV, though the amount of L-terminal heterogeneity is variable (6, 13, 27, 28, 30, 31) . The S termini of all three strains and the L termini of the Towne and Davis strains vary by increments of 500 to 750 base pairs (bp); the L termini of the AD169 strain are unique in that the fragments vary by increments of 220 bp.
In herpes simplex type 1 (HSV-1), which has a genome structure similar to that of HCMV (26) , the inverted repeats have the form ab-UL-b'a'aVc'-Us-ca (35) . The HSV-1 a sequence is bounded by direct repeats (DR1), and a variable number of tandem a sequences are observed at the L-S junction and L terminus (5, 15, 21, 36) . The DNA sequence of the HSV-1 double-a junction revealed that the tandem a's shared a single DR1 between them (21) . The a sequence appears to be involved in genome segment inversion and cleavage or packaging of concatemeric progeny DNA (20, 22, 23, (32) (33) (34) .
We previously described the cloning and characterization of heterogeneous junction fragments from the AD169 strain of HCMV (28, 30, 31) (Fig. 1) . Analysis of these cloned fragments revealed three classes of heterogeneity as defined by XhoI endonucleolytic cleavage (Fig. 1) . Class I heterogeneous fragments varied by increments of 420 bp from the minimal fragment size of 553 bp. Class II heterogeneity was defined as the presence of multiple class I fragments, and class III heterogeneity was defined as a variable copy number of a 217-bp XhoI fragment. The DNA sequence of one cloned junction ( Fig. 1) showed that the 553-bp class I fragment was bounded by DR1 and contained a sequence conserved among the genomes of HCMV, HSV-1, and HSV-2 (30) .
In this paper, we examine the heterogeneity occurring at both the L-S junction and termini and identify the HCMV strain AD169 a sequence. Further studies on the class I and II heterogeneous fragments are presented which show that these fragments consist of fused and tandem a sequences, respectively. Nucleotide sequences for the 217-bp class III heterogeneous fragment and the termini are presented. A model for the generation of the heterogeneous fragments and a possible role of the herpesvirus conserved sequence in the maturation of viral DNA will be discussed.
MATERIALS AND METHODS
Virus and cells. HCMV strain AD169 was obtained from the American Type Culture Collection. Human foreskin fibroblasts were a gift from Stephen Spector. Methods for cell culture, viral infections, and the harvesting of viral DNA have been described (31 (16) . After polyacrylamide gel electrophoresis, the gels were dried and the labeled fragments were visualized by autoradiography. The procedure for ordering fragments by partial digestion with XhoI has been described (30) .
Agarose gel electrophoresis was performed as previously described (31 (28) . liii, Inverted repeats bounding the L and S segments of the genome; , L-S junction. Below this map is shown an expanded restriction endonuclease map of the BamHI-PvuII fragment containing the region of heterogeneity at the L-S junction (30) . Roman numerals indicate the location of the three types of heterogeneity. At the bottom is shown the nucleotide sequence of a HaeII fragment containing the region of heterogeneity in one cloned L-S junction fragment (30) . This L-S junction fragment contained one copy of the 553-bp XhoI class I fragment and no copies of the 217-bp XhoI class III fragment. Direct scribed above for the XhoI heterogeneous fragments) at the Hindlll or BamHI site in the polylinker adjacent to the virion terminus. EcoRI or HindlIl cleavage produced uniquely labeled fragments, and the fragment containing the terminus was isolated by gel purification.
RESULTS
Relationships of the class I heterogeneous fragments. The previously described class I heterogeneous fragments varied in increments of 420 bp and mapped to identical locations within the junction (30; Fig. 1 ). Three representatives of this group of heterogeneous fragments (XhoI fragments of 553, 970, and 1,390 bp) were present in our cloned junction fragments. The sizes used previously to describe these fragments were 553, 950, and 1,350 bp, but the restriction endonuclease analyses described below indicated that 970 and 1,390 bp were more accurate sizes for the two larger fragments.
The relationships of the class I fragments were examined by restriction endonuclease digestion. Gel-purified class I Xhol fragments were cleaved with a single restriction endonuclease (SmaI, HaeIII, Avall, Hinfl, BstNI, or SstII) and end labeled with the Klenow fragment of DNA polymerase I and [a-32P]deoxyribonucleoside triphosphates. The resulting fragments were compared on 6 and 20% nondenaturing acrylamide gels. For each of the enzymes, the restriction patterns generated for the XhoI 970-and 1,390-bp fragments were almost identical to those of the 553-bp fragment, except that an extra band was observed for the 970-and 1,390-bp fragments ( Fig. 2A) for Avall, which will be discussed below), the higher-molecular-weight class I fragments contained all the bands appearing in the 553-bp fragment plus a single additional band equal in size to the sum of the terminal fragments minus 130 to 135 bp. These results suggested that the higher-molecular-weight class I fragments were generated by head-to-tail fusions of the 553-bp fragment, with the loss of approximately 135 bp at the fusion point (Fig. 2B) .
The Avall restriction pattern of the XhoI 970-bp fragment (Fig. 1) . The 25-bp DR1 sequences are underlined. Asterisks indicate the variant sequence found in the XhoI 970-bp fragment which corresponds to the DR1 S-segment border of a previously sequenced junction (30 0. 553-a)_ tion fragment differences occurred near the left border of the 970-bp fragment adjoining the L segment of the viral genome. DNA sequencing revealed that all three class I fragments had identical sequences from the XhoI site through the first DR1 (Fig. 2B ). The differences occurred immediately after the DR1: the 970-bp fragment had an 8-bp sequence (5'-GGAATGGA-3') replacing 4 bp (5'-CGCA-3') found in the 553-and 1,390-bp fragments. The variant sequence appearing in the 970-bp fragment corresponded to the DR1-S segment border in the previously sequenced junction ( Fig. 1; nucleotides 2353-2359) . The repetition of this sequence extended the DR1 to 33 bp rather than 25 bp. *
We will refer to 25-bp and 33-bp DR1 sequences to simplify later references to this variant sequence.
To characterize the point of fusion generating the XhoI 970-and 1,390-bp fragments, SmaI-HaeIII fragments spanning the fusion region were isolated, cloned, and sequenced. Three clones generated from the XhoI 970-bp fusion region were sequenced, and these results indicated that the 970-bp (Fig. 1 ). fragment was derived from a head-to-tail arrangement of 553-bp fragments, with the loss of sequences spanning the DR1, including the herpesvirus conserved sequence. If a single DR1 was shared between the 553-bp fragments, the deletion would cover 134 bp. The fusion of the class I fragments is diagrammed in Fig. 3 . Using the nucleotide numbers for the L-S junction sequence (Fig. 1) , we found that the breakpoints occurred at nucleotide 2227 in the first 553-bp fragment and at 1809 in the second 553-bp fragment to generate the 970-bp fragment. There was no obvious homology between the two sequences in this region.
For the 1,390-bp XhoI class I fragment, only a single-sized fusion fragment was seen in each of the digests. This suggested that the two fusion events that were needed to generate a 1,390-bp fragment from three 553-bp fragments occurred at identical or nearly identical positions. Three clones were obtained and sequenced for this fusion fragment, and in each case, the sequence obtained was identical to the fusion of the 970-bp fragment.
Variation of class I heterogeneous fragments with time. The viral DNA used to clone the heterogeneous junction fragments described above was harvested in 1980. In 1983, another preparation of virion DNA designated 83A was used to study junction heterogeneity. In addition, this virus (83A) was used to establish another plaque-purified viral stock from which further DNA preparations were made (designated 83B). XhoI cleavage of these DNA preparations and hybridization with a 32P-labeled class I fragment revealed the presence of altered class I heterogeneous fragments (Fig. 4) . The smallest class I fragment was consistently 550 to 560 bp in size, but the larger fragments varied by increments of approximately 520 bp rather than the 420-bp increments previously observed. The 83A viral DNA (Fig. 4A) also contained a low level of fragments 1,390 and 1,810 bp in size, though no 970-bp fragments were detectable. Plaque purification of the 83A virus resulted in a viral stock (83B) containing only the new series of class I fragments (Fig. 4B) .
Further characterization of class II heterogeneity. The region between tandem class I fragments was investigated to determine whether the DR1 was present as a single shared copy (as in HSV-1) (21) or as repeated copies. The clone 355/4, which contained two tandem 553-bp XhoI fragments (30), was used for these studies. The nucleotide sequence of the region between the two XhoI 553-bp fragments was determined with BAL 31 exonuclease to create deletions through the border region. The region between the two 553-bp fragments was found to contain neither a single, shared DR1 nor tandemly repeated DR1 (Fig. 5) . Instead, the first 553-bp fragment contained a complete 33-bp DR1, followed by a partial DR1 consisting of the terminal 14 digests of virion DNA, showed a laddering of bands corresponding to terminal and junction fragments (28) . The smallest heterogeneous region subfragment that was used as a probe in these studies was the EcoRI-PvuII fragment which contained the total heterogeneous region, 208 bp of Ssegment repeat, and approximately 3,300 bp of L-segment repeat. To determine whether the class I heterogeneous fragments were present at both termini and might be analogous to the HSV-1 a sequence, virion DNA (83A) was cleaved with restriction endonucleases which allowed one terminus to be distinguished from the other terminus and (Fig. 1) .
HindlIl-digested virion DNA was hybridized with the XhoI 553-bp fragment or with a 960-bp AvaII fragment from the S-segment repeat (probe C, Fig. 7) . Different results were obtained with each probe. Probe C from the S-segment repeat hybridized predominantly to fragments of 6.55, 7.1, and 7.65 kbp. The 553-bp fragment (probe A) hybridized to the 7.1-and 7.65-kbp fragments but not to the 6.55-kbp fragment. This result suggested that a population of S termini does not contain a class I-hybridizing fragment and that the 6.55-kbp fragment represents an S-terminal fragment lacking a class I fragment. The increments between this and the higher-molecular-weight forms were approximately 550 bp. The higher-molecular-weight fragments were the result of the hybridization of probe C to the S terminus, HindIII-H, and junction fragments, as well as the hybridization of probe A to L and S terminal and junction fragments.
EcoRI cleaves within the L-segment repeat to produce terminal fragment EcoRI-W, whose size is distinct from S-segment termini EcoRI-L and -N and the junction fragments WL and WN. Both probes A (XhoI 553-bp fragment) and B (PvuII-EcoRI heterogeneous fragment) hybridized to the same pattern of fragments. The smallest fragment in the series was 3.9 kbp, equivalent to an L-segment terminus with a single class I XhoI 553-bp heterogeneous fragment and no class III fragments. Distinct bands appeared at 4.12 and 4.42 kbp, most likely corresponding to termini with one XhoI 553-bp fragment plus one 217-bp fragment and fused or tandem 553-bp XhoI fragments, respectively. Other bands were apparent, but the banding pattern was not distinct, probably due to overlapping series of fragments resulting from multiples of 550-bp (combined class I and class II heterogeneity) and 217-bp (class III) fragments. Hybridization of the probes to other terminal and junction fragments was responsible for the bands larger than 6.7 kbp.
Studies on cloned EcoRI termini. Terminal fragments were cloned to determine the sequence of the terminal fragments and to examine heterogeneity within individual termini. Uncleaved virion DNA (83B) was treated with T4 polymerase to produce blunt ends for cloning. Two approaches for cloning EcoRI terminal fragments were used. In one, the uncleaved blunt-ended virion DNA was ligated to SmaIEcoRI-cleaved pUC13, then cleaved with EcoRI, and circularized by ligation. Clones were screened by colony hybridization. Only three clones were obtained by this method. With the other approach, the blunt-ended high-molecularweight virion DNA was cleaved with EcoRI and the fragments were separated by gel electrophoresis. Gel slices corresponding to the predominant forms of each terminal fragment (EcoRI-W, -N, and -L) were taken. These gelpurified fragments were ligated to Smal-EcoRI-cleaved pUC13. From the EcoRI-W gel slice, 274 putative EcoRI-W clones were obtained. The EcoRI-N fragment gel slice yielded single clones for EcoRI-N and -L and 13 clones for EcoRI-W. The reason for the low cloning efficiency of the S termini from this region of the gel is unknown.
Eighteen clones were analyzed by restriction digestion and hybridization. The cleavage with EcoRI plus HindlIl plus XhoI, transfer to DBM paper, and hybridization with EcoRI junction fragments WL and WN yielded the results shown in Fig. 8A . Sixteen (lanes 2 to 5 and 7 to 18) of the clones yielded the characteristic XhoI pattern for the Lsegment terminus corresponding to EcoRI-W: constant fragments of 2.3 and 1.04 kbp and class I and III heterogeneous fragments. Rehybridization of the same filters with the XhoI 970-bp class I fragment (Fig. 8B) confirmed the identity of the class I fragments. Eight of the EcoRI-W clones (lanes 7 to 9, 11 to 14, and 16) contained the 553-bp XhoI fragment, and two others (lanes 10 and 17) contained a slightly smaller fragment approximately 540 bp in size. Two clones (lanes 15 and 18) contained a 1,080-bp class I fragment (these heterogeneous fragments were from 83B DNA). The EcoRI clones shown in lanes 2 to 5 were obtained from the EcoRI-N gel slice and thus represented higher-molecular-weight forms. Two of these contained both 1,080-and 1,600-bp class I fragments (lanes 3 and 5) , a third clone (lane 4) contained only the 1,600-bp fragment, and the fourth clone (lane 2) contained the 1,600-and 2,120-bp class I fragments. These results indicated that L-segment termini contained class I heterogeneity and that some termini could contain more than a single class I fragment (class II heterogeneity). Although fewer higher-molecular-weight EcoRI-W fragments (13 clones) were obtained compared with the lower-molecularweight forms (274 clones), it was not possible to calculate the frequency of termini exhibiting class II heterogeneity, since the fragments used to clone the termini were from discontinuous gel slices and some size classes of terminal fragments would not have been represented.
Single clones for the S-segment termini corresponding to EcoRI-L (Fig. 8A, lane 1) and EcoRI-N (lane 6) were obtained. Cleavage of the clone for EcoRI-L with the en-J. VIROL.
zymes EcoRI plus HindlIl plus XhoI produced fragments of 3.8, 2.8, and 1.65 kbp. Hybridization with a class I fragment (Fig. 8B) indicated that no class I-related sequences were present in this terminus. This was consistent with the results shown in Fig. 7 , in which some HindIlI fragments from the S-segment terminus did not hybridize to a class I fragment. The EcoRI-N clone yielded a 6.45-kbp band and a 0.56-kbp fragment which hybridized with the class I fragment probe. The identities of the putative EcoRI-N and -L clones were confirmed by digestion with PvuII, which produces a characteristic restriction pattern for the S-segment termini (data not shown).
The EcoRI-L, EcoRI-N, and five EcoRI-W clones were terminal sequences, consistent with the existence of 3' single base extensions.
DISCUSSION
In a previous study of heterogeneous L-S junction fragments (30), we described three types of heterogeneity (classes I, II, and III) occurring within the L-S junction region. The structure and location of the class I heterogeneous fragments made them likely candidates for the HCMV a sequence. To examine this possibility and to gain information about the involvement of the heterogeneous fragments in the viral life cycle, we characterized further the three classes of heterogeneity and examined the structure of the genome termini.
The HCMV a sequence was identified by its position at both termini and inverted orientation at the L-S junction. The smallest class I heterogeneous fragment corresponded to a single a sequence, and the larger class I fragments were shown to consist of head-to-tail fusions of single a's. The fusion event that formed the 970-bp fragment deleted both the DR1 and conserved sequence. This may be a frequent result of fusion events, since the conserved sequence and DR1 occur at the a sequence border. If either or both of these entities have a functional significance, the highermolecular-weight class I fragments may be functionally equivalent to a single a sequence.
One possible mechanism for the generation of the fused class I species relies on the presence of homology in other regions of the sequence. A comparison of the sequences of the 553-bp XhoI fragment revealed that there were regions 45 to 160 bp in length with greater than 75% homology (see Table 2 ). Most of these imperfect repeats were located within the left half of the 553-bp fragment, a region which is enriched for multiple, short direct repeats and alternating GT dinucleotides (30) . (27) , but comparison of the Towne and AD169 L-S junction sequences shows that a sequence homologous to the AD169 DR1 does exist in the Towne strain at the a-c border. The Towne strain also appears to lack class III heterogeneity.
The structure of the HCMV AD169 a sequence is similar to that of the HSV-1 a sequence (5, 21 HSV genomes evolved as a consequence of a recombination process involving an a sequence (19) . For HSV-1, there is also direct evidence that the a sequence is involved in inversion of the L and S segments and that the region containing the internal direct repeats in particular is needed to promote the inversion (3). Unequal crossover events during inversion may be responsible for generating the variability in the number of internal repeats. For the HCMV a sequence, the evidence is less direct. However, as described above, the heterogeneity at the L-S junction and termini can be most easily explained by recombination involving the a sequence.
A large number of studies have provided evidence that herpesvirus DNA replication proceeds through circular or concatemeric intermediates, which are subsequently cleaved and packaged as unit length molecules. Our studies suggest that like the termini of HSV-1 (23), varicella-zoster virus (4), and murine cytomegalovirus (Marks and Spector, in preparation), the HCMV AD169 termini have single base 3' extensions. Furthermore, analyses of the junction sequences and termini indicate that circularization of the genome could occur by end-to-end ligation of the termini. The mechanisms involved in the subsequent cleavage and packaging of unit length DNA molecules are not well understood. However, a comparison of the HCMV terminal sequences with those of murine cytomegalovirus (Marks and Spector, in preparation), HSV-1 (23), varicella-zoster virus (4), Epstein-Barr virus (1), and herpesvirus saimiri (2) reveals that the terminal cleavage site occurs 55 to 58 bp from the 5' end of the conserved sequence previously identified (30) (Fig. 12) . Since the terminal nucleotide sequences of these viruses differ (and for HCMV, the S-segment terminal sequence can vary), it seems likely that the conserved sequence serves as a recognition site for a cleavage-packaging enzyme and that the actual site of cleavage is more dependent on distance from the signal sequence. The observation that the Towne strain a sequence contains a cleavage-packaging signal which is functional in the generation of HSV-1 defective genomes (27) adds further support to this hypothesis.
Recently Varmuza and Smiley (32) have presented evidence which suggests that the HSV-1 genome contains two cleavage sites, one at each end of the a sequence. In their experiments, a portion of the HSV-1 a sequence was placed within the thymidine kinase gene of the HSV-1 genome. This partial a sequence contained the proper signals for cleavagepackaging, but the actual cleavage event occurred outside the a sequence and within the thymidine kinase sequences. Since in the unsubstituted HSV-1 genome these cleavages normally occur within the DR1 of the intact a sequence, it was previously assumed that only one cleavage had occurred. Varmuza and Smiley postulate the existence of two signals, one on either side of the variable tandem repeat region, which dictate cleavages that are a specific distance from the signals but are not sequence specific. The conserved sequence is a likely candidate for one of these signals, but we have not found in HCMV a sequence equivalent to the second signal. Sequence comparison of the HCMV and HSV-1 junction sequences indicated a region of homology within the HSV-1 region containing the second signal, but it is not the correct distance from the HCMV terminus (unpublished results). Varmuza and Smiley also found that the single partial a sequence was duplicated at both termini. This is consistent with the observation that all HSV-1 termini contain at least one a sequence (15, 36) but differs from our finding that some HCMV S-segment termini lack an a sequence. Thus, while HSV-1 and HCMV are very similar in their genome structure, it is likely that the two viruses differ in some aspects of viral DNA maturation.
